Increasing frequency and intensity of drought extremes associated with global change are a key challenge for forest ecosystems. Consequently, the quantification of drought effects on tree growth as a measure of vitality is of highest concern from the perspectives of both science and management. To date, a multitude of drought indices have been used to accompany or replace primary climatic variables in the analysis of drought-related growth responses. However, it remains unclear how individual drought metrics compare to each other in terms of their ability to capture drought signals in tree growth.
Introduction
Droughts are complex multi-dimensional climatic phenomena with detrimental effects on social and natural systems (Wilhite and Glantz, 1985; Obasi, 1994; Mishra and Singh, 2010) . The impacts of drought have been aggravated in the recent years by the increasing rise in water demand due to global climate change, the latter being signified by the increase in mean global air temperature by 0.85 • C during the period 1880 (IPCC, 2013 .
The frequency and their duration is likely to increase by factors of two and six, respectively, due to anthropogenic climate change (Kogan et al., 2013) . Important natural systems challenged by this intensification of (especially summer) drought events are forest ecosystems (Bolte et al., 2009) . Forests are characterized by large carbon stocks and flows, both sensitive to climatic extremes, most importantly drought, resulting in large (and potentially lagged, Anderegg et al., 2015) effects on the carbon cycle (Frank et al., 2015) . The impairment of tree vitality by drought is therefore one of the key processes controlling drought impact on forests. Tree species differ across biomes, rendering the comprehensive characterization of drought response of individual species a pivotal component of understanding drought impact on forest ecosystems (Bolte et al., 2009; Luyssaert et al., 2010; Zang et al., 2014) .
Tree ring width or annual radial growth increment is a widely used proxy for tree vitality (Fritts et al., 1971; Dobbertin, 2005) and its connection to climate and extreme climatic events, such as drought. The high abundance of tree ring data allows tree growth and drought variability to be studied on local to continental scales. Yet, the study of forest vulnerability to climatic extremes, particularly drought events, is complicated by macroclimatic, structural, and compositional differences of forest sites at continental scales (Vicente-Serrano et al., 2014; Gazol et al., 2016) . These differences explain the difficulty to find generalized descriptors of drought that match the temporal resolution of processes at the scale of individual forests. A typical example for a commonly used drought index that does not allow for varying temporal resolutions is the Palmer Drought Severity Index, PDSI (Dai et al., 2004) . Since site-specific macroclimatic and species-specific physiological response characteristics mediate the differential drought response at the level of sites (Babst et al., 2013) and individual trees (Dittmar et al., 2012; Zang et al., 2014) , the PDSI and other drought metrics with fixed time scales are not able to capture the ecologically meaningful temporal offset between onset of drought conditions and growth response of forests .
Acknowledging this shortcoming of traditional drought metrics, Vicente-Serrano et al. (2010) proposed the Standardized Potential Evapotranspiration Index SPEI as a novel drought index. It is available for varying time scales like the older Standardized Precipitation Index, SPI (Mckee et al., 1993) , but in contrast to the SPI it incorporates the effect of temperature. Vicente-Serrano et al. (2012) provided a global assessment of the performance of different drought indices including the ones discussed in the paper for monitoring drought impacts on streamflows, soil moisture, forest growth, and crop yields. The study detected small differences in the comparative performance of the SPI and the SPEI indices, but SPEI best captured the responses of hydrological, agricultural and ecological variables. It has been recommended for use when the responses of the variables of interest to drought are not known. On the other hand PDSI has been widely used for decades particularly in the United States, and also in climate change analyses (Seneviratne et al., 2012) . In a hemispherical assessment of drought response of forests using tree ring data, Vicente-Serrano et al. (2014) identified characteristic differences in response time, with a clear gradient in drought response in the northern hemisphere: response to long-term drought conditions in xeric environments, and a response to increasingly shorter time scales of drought with increasingly humid conditions. This pattern confirmed earlier findings based on multiple data streams for vegetation activity on large scales (Maherali and Pockman, 2004; Vicente-Serrano et al., 2012) and tree ring parameters for small scale intensive case studies (Lévesque et al., 2013) . However, many recent tree ring studies employ drought indices other than SPEI (Babst et al., 2013; Hogg et al., 2013; Zang et al., 2014) . Moreover, the hemispherical approach of Vicente-Serrano et al. (2014) is focused on SPEI solely. Consequently, a direct comparison of potentially macroclimatic and species-specific differences in response to different commonly used drought indices and their varying temporal aggregation is currently not available.
In this study, we use a large data set of tree ring widths (Babst et al., 2013) to assess the connection between drought and tree growth and to provide a continental assessment of the performance of commonly used drought indices for quantifying drought impacts on forest growth. This is achieved through the study of drought impact on the radial growth of nine tree species as a function of elevation and bioclimatic zone. For this purpose, we compare tree growth with four of the most widely used drought indices -SPI (Mckee et al., 1993) , self-calibrating Palmer Drought Severity Index, scPDSI (Palmer, 1965; Wells et al., 2004) , SPEI (Vicente-Serrano et al., 2010) and De Martonne Aridity Index, DMI (de Martonne, 1926) . For the SPI and SPEI time scales from 1 to 36 months have been applied. Considering the different vulnerabilities of different tree species to drought and a lack of appropriate descriptors of drought, the study aims to assess the connection between existing drought indices and the response of different tree species to a drought event. With our study we try to answer which indices best represent drought impacts for the species studied.
Material and methods

Tree ring data
The tree ring network used in this study is a compilation of published tree ring chronologies by Babst et al. (2013) which consists of 992 sites covering most of Europe and North Africa (30-70 • N/10 • W-40 • E) (including information on elevation). A 32 year spline with 50% frequency cutoff response was used to remove the biological trend present in the original raw tree ring width time series while preserving the inter-annual to decadal variability at the same time. The resulting detrended series were power-transformed to remove temporal heteroscedasticity and then robustly averaged to site-wise dimensionless chronologies of ring width indices (RWI). Optimizing the trade-off between series length and replication, we selected RWI series with 56 years of data for the common period 1920-1975. When considering the nine most common species of the network and allowing a maximum period of overlap between climate data and RWI, a total of 850 sites were retained for the final analysis of the study. The following nine species were investigated for their drought vulnerability, namely 
Climate data
We used mean temperature (TMP), precipitation sum (PRE), and potential evapotranspiration (PET) monthly datasets from the observational CRU TS 3.21 worldwide dataset available on a 0.5 • grid (Harris et al., 2014; http://badc.nerc.ac.uk/) . Data on climate classification was obtained from the world Köppen-Geiger climate classification map (Kottek et al., 2006) . The climate classification data is based on recent data sets from the CRU and the Global Precipitation Climatology Centre (GPCC) at the German Meteorological Service. In the study, climate zone Cf, Cs and D denote temperate climate without dry season, temperate climate with dry summer (Mediterranean) and continental climate respectively. Taking into account the uncertainties involved with spatially coarse and interpolated gridded data, we have validated the results of the study using station data from E-OBS (Haylock et al., 2008) . The details of the analysis can be found in Appendix B in Supplementary material.
Drought indices
The drought indices SPI and SPEI were calculated using the R package SPEI (Vicente-Serrano et al., 2010) for time scales of 1, 6, 12, 24 and 36 months based on input data from CRU. The DMI was also calculated using PRE and TMP data from CRU. The scPDSI, which is based on climatic data from the CRU, was downloaded from the KNMI Climate Explorer web page (available at http://climexp. knmi.nl/). The DMI is a measure of aridity obtained by calculating mean precipitation (in mm)/(temperature (in • C) + 10). It is subject to criticism because of its empirical nature but nevertheless provides information on the drought level at a given site. SPI is based on long-term precipitation records that are computed on different time scales. To calculate the SPI, precipitation data is converted to probabilities which are then transformed to standardized series with an average of 0 and a standard deviation of 1. A key limitation of the SPI is its inability to capture the effect of increased temperatures on moisture demand (Mckee et al., 1993) . The SPEI is an extension of the SPI; it combines the multi-timescales aspects of the SPI with information about evapotranspiration, making it more reliable for climate change studies. A limitation of the SPEI is its sensitivity to the method of calculating potential evapotranspiration (PET) (Vicente-Serrano et al., 2010) . The scPDSI is based on the supply and demand concepts of the water balance equation. It is calculated based on precipitation and temperature data, as well as on the water content of the soil. Its disadvantages include noncomparability across regions and missing multi-timescale features (Dai et al., 2004; Wells et al., 2004) .
Statistical analyses
To assess the species-specific growth-drought relationships, correlation function analyses (Fritts et al., 1971) were calculated between RWI and the selected four drought indices: SPI/SPEI (time scale = 1, 6, 12, 24, 36 months), DMI and scPDSI for the period of 1920-1975. Since the different time scales of the indices already captured the effect of previous year conditions, the correlation coefficients were calculated only for the year of ring formation (March to September). These correlations were then introduced into a principal component analysis (PCA). The first few components encompass the bulk of the variability in the original variables enabling it to identify and summarize the spatial and temporal variability across the study area (Seftigen, 2014) . A 'Q' mode PCA was used since we aimed to find persistent drought patterns in space (Machado-Machado et al., 2011) . An equilibrium circle of descriptors, with radius d p (with p total and d reduced dimension in ordination), was drawn as reference to assess the contribution of each descriptor to the formation of the reduced space (Legendre and Legendre, 1998) . This aids to identify meaningful scores and loadings in reduced space (Legendre and Legendre, 1998) . R package bootRes (Zang and Biondi, 2013) was used for calculating bootstrapped correlations between RWI and drought indices; and package ggplot2 was used for visualizations (Wickham, 2009 ). All statistical procedures were performed using R 3.2.0 (R Core Team, 2015).
Modelling tree growth by drought indices
We used linear models to predict tree growth at each site by monthly drought indices from March to September. For these linear models, we divided the dataset into training and test datasets, with the earlier years of the RWI time series for testing and the most recent years for training the model . Using external validation, i.e. the test dataset, the performance of these models was quantified by the normalized root-mean-square deviation (NRMSE). Since our dataset is based on tree ring sites with different species in different elevations and climate zones, we chose to standardize all estimates of the root mean square error (RMSE) and to relate the RMSE to the observed range of the variables.
Results
Tree growth -drought relationship: summarizing growth response to drought
The spatial distribution and elevation of the sites of nine species analyzed in the study can be seen in Fig. 1 . The treegrowth responses to the drought indices DMI, scPDSI, SPI/SPEI (time scale = 1, 6, 12, 24, 36 months) was summarized by conducting a PCA on the correlation matrix and by analyzing the first two principal components (PCs). These components accounted for 75% of the variance, showing which drought indices were more influential in terms of tree response to drought given as variables outside the equilibrium circle (Fig. 2) . The behavior of SPEI (Appendix A, Fig. 1 in Supplementary material) was similar to SPI (Fig. 2) , hence not displayed in Fig. 2 to foster readability. The ordination of the first two components resulted in a nearly complete separation of short-and intermediate-term drought from long-term drought effects. Based on the PC1, the major modes of tree growth responses to the different drought indices for the months of March to September can be seen in Fig. 3 . The drought indices SPI and SPEI at higher time scales of 24 and 36 months revealed maximum absolute loadings to PC1, thus showing maximum correlations with RWI whereas DMI, SPI, and SPEI (time scale = 1) had the lowest. The behavior of scPDSI was comparable to SPI and SPEI at higher time scales (6-12).
Species-specific variation with elevation and bioclimatic zone
The PCA score plots for different species grouped by climate zone and elevation can be seen in Fig. 4 . Species-specific differences were revealed in the score plots along the bioclimatic and elevation gradient and in their responses to drought duration: short-to intermediate-term drought: DMI, scPDSI, SPI/SPEI (time scale = 1, 6, 12) and long-term drought SPI/SPEI (time scale = 24, 36). The score plot was interpreted with the aid of the behavior of the variables in Fig. 2 where it was observed that species were drought sensitive in case of PC1 < 0. In case of PC1 < 0 and PC2 < 0, species were responsive to short-and intermediate-term drought. Similarly, in case of PC1 < 0 and PC2 > 0, species were responsive to long-term drought.
However, it was noted that all species responded to drought, albeit to varying degrees (Fig. 4) .
For silver fir and European beech, the majority of the stands were drought sensitive and silver fir was predominantly influenced by long-term drought in all climate zones. European beech was both affected by short-and long-term drought with its high elevation sites being more responsive to long-term drought. In climate zone D, their high elevation sites showed more drought resistance compared to its stands in climate zone Cf.
European larch was affected by both short-and long-term drought with the high elevation sites showing greater drought resistance compared to lower elevation stands specifically in the climate zone Cf. Most stands of Norway spruce were drought sensitive with a majority being affected by long-term drought with similar response for both climate zones Cf and D. Stone pine was least affected by drought, if at all then by long-term drought whereas Scots pine and black pine were majorly affected by shortterm drought. In climate zone Cs, for both pine species, the high elevation stands were less drought sensitive. The two Quercus species, sessile and common oak, were predominantly influenced by short-term drought. Common oak stands in climate zone D and at high elevation responded to long-term drought compared to the stands in low elevations. The effect of elevation was seen clearly in the case of several species where high elevation sites showed greater drought resistance compared to stands at lower elevation in the same climate zone. We also observed a clear effect of bioclimatic zonation in the species' response to drought: Stands which experienced continental climates (D) were more responsive to long-term drought whereas stands that experienced temperate (Cf) and Mediterranean (Cs) climates were more responsive to short-term drought (Fig. 4) . Hence, the sites with more sensitive stands were seen to have a relatively warmer climate (Cf, Cs) compared to the sites with less drought sensitive stands.
Summarizing the performance of drought indices
The month-wise mean Pearson correlation coefficients for all drought indices were grouped into species and climate zones ( Fig. 5 ). All groups with N < 10 were omitted and thus are displayed Fig. 3 . Major modes of tree growth responses to 12 drought indices for the current year growing season based on the first principal component (PC1). PCA was performed on the correlation coefficients calculated between 850 RWI series and the monthly scPDSI, DMI, SPI/SPEI (time scales = 1, 6, 12, 24, 36) for the period of 1920-1975. DMI, scPDSI, SPI and SPEI stand for De Martonne Aridity Index, self-calibrating Palmer Drought Severity Index, Standardized Precipitation Index and Standardized Potential Evapotranspiration Index. Fig. 4 . PCA score plot for the nine studied species indicating climate zone (Cf, Cs, D) and elevation (m a.s.l). PCA was performed on the correlation coefficients calculated between 850 RWI series and the monthly scPDSI, DMI, SPI/SPEI (time scales = 1, 6, 12, 24, 36) for in grey in the figure. When comparing all species, the conifers Scots pine in all climate zones as well as European larch and stone pine in climate zone D were relatively drought resistant as could be seen from their low mean correlation coefficients, consistent across indices and time scales. Stands of silver fir in climate zone Cf were less drought sensitive compared to stands in climate zone D. The indices SPEI and SPI at higher time scales best captured its drought signals in climate zone D. European beech in climate zone Cf and D was sensitive to both short-and long-term drought. In climate zone Cf, scPDSI, SPI and SPEI best captured its drought signals mostly at intermediate to longer time scales from March to September. DMI, SPI, and SPEI at shorter time scales best captured its drought signals in climate zone D. Norway spruce in climate zone Cf was best represented by long-term drought indices SPI and SPEI from March to September, whereas in climate zone D short-term drought during early growing season months (March to May) mattered. Black pine in climate zone Cf was seen to be very drought sensitive to all indices capturing the drought signals during the main summer months; however SPI and SPEI at intermediate time scales were best. In the Mediterranean climate zone Cs, drought impacts in black pine were best described by all indices during short-and intermediate-term drought. Quercus species in climate zone Cf were drought sensitive. Drought indices of the scale of 1 up to 12 months mostly during the growing season (June onwards) best represented growth responses of these species.
The predictive capability of the developed models in terms of NRMSE mostly reflects the long-term correlation of tree-ring growth and drought indices (Appendix A, Fig. 2 in Supplementary material), and higher long-term correlation is connected to better predictive power. There is, however, only small variation in NRMSE across individual models and groups.
Discussion
This study is a first step towards an increased and improved understanding of drought variability of nine tree species across Europe, including sites where climate station data is not available. It confirms that tree response to drought can vary significantly along large ecological gradients (see e.g. Pasho et al., 2012) . The need to use a wider set of parameters to estimate the current and future response of trees to climate extremes is well known. This is particularly true for the continental scale, where very few studies have investigated and compared the drought tolerance of co-occurring species along wide ecological gradients using several drought metrics.
In our study we focused on various drought indices to test the impact of water availability on tree growth: e.g., scPDSI takes into account soil moisture (Wells et al., 2004) and site-specific water balance (Stephenson, 1990) , whereas SPEI includes evaporative demand. We observed that the behavior of scPDSI was similar to SPI and SPEI at longer time scales (up to 12 months). This could be explained by the fact that scPDSI is a direct metric of moisture conditions taking both temperature and precipitation into account for the specific and the preceding months (Palmer, 1965; Dai et al., 2004) . We found that scPDSI, SPI, and SPEI at longer time scales had the strongest correlations with RWI ( Fig. 3) . Similar results by Vicente-Serrano et al. (2012) indicated closer growth-drought correlations for SPI and SPEI compared to PDSI when considered for a time scale of 1 month. At this point it is worth noting that due to different calculation procedures and variables considered for the drought indices they are expected to perform differently. The timescale differences between scPDSI and SPEI for drought monitoring has been discussed by Zhao et al. (2015) . This study found that scPDSI can be qualified as a mid-and long timescale drought-monitoring index owing to the strong lagged autocor-relation whereas the SPEI can conveniently monitor short-and long-term drought using selected timescales.
The analysis of the growth response to drought indices revealed distinct species-specific patterns. Our results for the main forest tree species in Europe, Norway spruce, silver fir and European beech, confirm their classification as drought-intolerant from both expert assessment (Niinemets and Valladares, 2006) , and observational studies (Pichler and Oberhuber, 2007; Lebourgeois et al., 2010; Schuster and Oberhuber, 2013; van der Maaten-Theunissen et al., 2013; Boden et al., 2014; Pretzsch et al., 2014) (Fig. 4) . There was no clear separation of the response of silver fir stands between low and high elevations. This could be due to preconditioning by the high SO 2 concentrations in the atmosphere during the mid-20th century (Elling et al., 2009) . However, lacking a Europe wide dataset of SO 2 deposition, this hypothesis could not be tested. High elevation stands of silver fir were more affected by long-term drought and showed greater drought resistance. This is in line with studies in which higher elevation stands were shown to be more drought resistant (van der Maaten-Theunissen et al., 2013; Zang et al., 2014) . There are studies that show a reduced summer drought sensitivity of silver fir in mixed stands (Lebourgeois et al., 2013) which could also explain the less drought sensitive behavior of some stands. In climate zone Cs, silver fir responded to long-term drought. The general response of Norway spruce was similar to that of silver fir. It showed drought sensitivity at all elevations (shown similarly by van der Maaten-Theunissen et al., 2013) and was mostly affected by long-term drought in both Cs and Cf climate zones. Its shallow rooting system may have contributed to the observed pronounced drought sensitivity. European larch and beech display a variation in drought response by elevation. Beech at high elevations in climate zone D showed greater drought resistance, and in climate zone Cf, larch at high elevations was influenced by long-term drought and showed more drought resistance in comparison to stands at lower elevations. Stone pine, a typical species in alpine areas with D climates, was relatively drought resistant and responded to long-term drought only. The two oak species, sessile and common oak, were drought sensitive and were mainly affected by short-term drought, corroborating previous findings (Friedrichs et al., 2008; Zang et al., 2011) . In climate zone D, high elevation stands of common oak responded to long-term drought while the low elevation stands responded to short-term drought. The effect of elevation was very pronounced here as well. Species of the genus Pinus were seen to show a wide range of drought responses from being drought sensitive to drought resistant. Black and Scots pine were found to be drought susceptible which confirms the reported growth reductions in black pine (Martin-Benito et al., 2013) and Scots pine in connection to extreme summer droughts for Austria (Pichler and Oberhuber, 2007; Camarero et al., 2015) and the French Mediterranean region (Thabeet et al., 2009) . High elevation stands of the same two species in climate zone Cs were more drought resistant compared to stands in other climate zones. In climate zone D, stands of Scots pine at higher elevations were more drought sensitive compared to stands at low elevations. In general, forests located in the temperate and Mediterranean climate were drought sensitive and tended to respond to short-and intermediate-term drought (<1 year). In continental climates, forests were comparably more drought resistant and responded to long-term drought.
For each species of the study, the different months and drought indices with maximum correlation with RWI are reported (Fig. 5) . In general, scPDSI showed maximum correlations with the deciduous species beech and the two oak species as well as coniferous species black pine; DMI with beech, sessile oak and black pine but as well silver fir. SPEI and SPI at varying degrees captured the drought signal of all species. For silver fir in cold climates, SPI and SPEI at higher time scales best represented drought impacts. For temperate beech forests, it was most suitable to use scPDSI, SPI and SPEI during the main summer months. In cold climates, the impact of drought on growth is well described by short-term DMI, SPI and SPEI. Scots pine stands in temperate and cold climates mainly responded to long-term SPI and SPEI during early summer months. Temperate stands of black pine were very drought sensitive and their drought signal was reflected by all indices in the main and late summer months, whereas in Mediterranean climate shortterm drought during June and July was decisive. All drought indices (DMI, scPDSI, SPI, SPEI) were able to capture drought impacts on oak species, preferably those of the months of June and July. For Scots pine in general and European larch and stone pine in the alpine zone, the performance of all drought indices was quite similar; no particular index outperformed the others. These results have been supported by the predictive performance of the linear models run for each site, with each drought index as a predictor for RWI (Appendix A, Fig. 2 in Supplementary material) . This suggests that indices at longer scales showing higher correlation with tree-ring growth reflect high-frequency fluctuations in growth to a better extent, rendering them superior predictors for tree-ring based reconstructions. However, the predictive power of the individual drought indices needs to be further tested using independent data with longer temporal coverage and from an even wider range of growing conditions. On the other hand different approaches to quantify drought responses such as growth resilience indices seem particularly interesting (Gazol et al., 2016) . These indices confirm that there are different strategies among forests depending on the biome, tree species and the prevailing climatic conditions to cope with drought.
The results of the validation performed with E-OBS data (Appendix B in Supplementary material) confirmed that ecological patterns were consistent in both datasets and the species patterns we describe reflect true variations and do not constitute any statistical artifacts.
Conclusion
To conclude, there are apparent matches between the spatiotemporal characteristics of tree ring network data and the employed drought descriptors. Our findings have implications for dendroclimatic calibration as well as for the relation of these drought descriptors to relevant ecosystem-level responses. However, we should consider that the present study is constrained by the fact that forest productivity is influenced by several other factors besides climate such as human activity. These additional drivers of growth could add noise to the climate signals. The use of spatially coarse gridded climate data due to lacking station data with good temporal coverage adds to the uncertainty of our findings. The CRU dataset is not specifically homogeneous, that is observations are non-necessarily homogenized before inclusion (Harris et al., 2014) . This dataset should only be used for climate trend analysis. It has been recommend that such analysis should be complemented by comparison with other datasets (Harris et al., 2014) as it is done in this paper. The second factor of uncertainty refers to tree ring data. It is known that a chronology does not necessarily have a unique growth signal, but a potential mix of ecological forcings and responses at different timescales and levels within trees (Briffa and Cook, 2008) . The studied tree ring network consists of data collected with different aims and sampling designs, besides being prone to human errors. Sample collections may represent varying sample homogeneity and hence different growth-forcing signals. Therefore, the sites and species cannot be considered as fully representative of all European forests (Babst et al., 2013) . We encourage tree ring researchers to continue publishing their data, since an extended European-wide tree ring network would help to refine the findings from this study and allow for a more fine-grained perspective on spatio-temporal matches and mismatches of tree-growth and drought metrics.
